Ultrasonic for Reducing Tetracycline Residues in Acacia Honey and Its Impact on Physicochemical Properties
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ABSTRACT 
	This study examines ultrasonic treatment as an approach to reduce tetracycline and oxytetracycline residues in Acacia honey and its effects on physicochemical properties. An experimental laboratory-based study using a completely randomized design. The study was conducted at the Animal Product Quality Testing and Certification Center (BPMSPH) Laboratory, Bogor City, Indonesia, between October and December 2025. 
Acacia honey samples artificially contaminated with tetracycline and oxytetracycline were subjected to ultrasonic treatment at a frequency of 40 kHz for 0 (control), 10, 20, and 30 minutes. Antibiotic residues were quantified using high-performance liquid chromatography. Physicochemical parameters including moisture and ash content, water insoluble solids, acidity, hydroxymethyl furfural (HMF) content, and diastase enzyme activity were analyzed using standard analytical methods. Measurements were repeated three times, and the data were subjected to analysis of variance with a significance threshold of P < .05.
Ultrasonic treatment reduced tetracycline residues highly significantly (P< .01) and oxytetracycline residues significantly ( .01< P < .05), with an optimum treatment duration of 10 minutes. Moisture content, ash content, HMF content, free acidity, reducing sugars, and sucrose were not significantly affected (P > .05), indicating preservation of the main physicochemical characteristics. Water insoluble solids decreased, and diastase enzyme activity remained within acceptable standard limits. Ultrasonic treatment effectively reduced tetracycline and oxytetracycline residues in Acacia honey while maintaining physicochemical quality. Optimization of treatment duration is required to preserve functional properties.
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1. INTRODUCTION 
Honey is a bee-derived natural product formed through the biochemical modification of floral nectar and is well known for its nutritional and functional significance. Its composition is ominated by simple sugars and complemented by various bioactive substances, such as phenolic acids, flavonoids, carotenoids, anthocyanins, and vitamins, which contribute to its biological activity (Shapla et al., 2018; Chaikam et al., 2016). Bee-derived products, particularly honey, exhibit strong antioxidant capacity, which plays an essential role in counteracting oxidative stress, a condition arising from an imbalance between free radical production and the body’s endogenous defense mechanisms (Martinello and Mutinelli, 2021). The physicochemical characteristics of honey vary considerably and are primarily determined by the botanical source of nectar, environmental conditions, climatic factors, and the bee species responsible for its production (Fatima et al., 2016).
Global honey consumption has increased steadily in parallel with growing public interest in healthy and natural food products. Honey safety remains an important issue, as residues of antibiotics, including tetracycline and oxytetracycline, may be introduced through disease prevention and treatment practices in apiculture. Tetracyclines function as broad-spectrum antimicrobials by inhibiting protein synthesis in bacteria, resulting in reduced microbial growth (Rusu and Buta, 2021). Although their application is effective in preventing and managing bacterial infections in honeybee colonies, improper or excessive use can contaminate honey and the surrounding environment (Bonerba et al., 2021). The control of foulbrood disease in apiculture has frequently involved the use of oxytetracycline, particularly in countries such as the United States, Canada, and the United Kingdom (Wang et al., 2022). The persistence of tetracycline residues in honey poses potential risks to public health, as these compounds may accumulate along the food chain, contribute to the development of antimicrobial resistance, contaminate aquatic ecosystems, and disrupt the human gut microbiota (Amangelsin et al., 2023).
To reduce the potential risks posed by antibiotic residues, regulatory authorities in many countries have introduced maximum residue limits (MRLs) or adopted zero-tolerance approaches for veterinary drug residues in food. Within the European Union, the use of tetracyclines in apiculture is prohibited, whereas other regions regulate these compounds through defined residue limits. For example, Japan sets an MRL of 0.1 mg/kg, whereas the United Kingdom and Switzerland enforce stricter limits of 0.02-0.05 mg/kg. International standards issued by Codex Alimentarius allow levels between 0.1 and 1.2 mg/kg, whereas the FAO/WHO recommends a more conservative range of 0 to 0.03 mg/kg (Khosrokhavar et al., 2021). In Indonesia, tetracycline residues in foods of animal origin are regulated by the National Standardization Agency, which sets maximum limits of 0.1 mg/kg for poultry meat and 0.05 mg/kg for eggs and milk. However, official residue limits for honey have not yet been specifically defined (BSN, 2000).
Conventional thermal treatments, such as pasteurization, are commonly used to enhance the microbiological safety of honey. Nevertheless, excessive heat exposure may deteriorate product quality by inactivating enzymes, diminishing volatile compounds, and promoting the formation of hydroxymethyl furfural (HMF) (Ramly et al., 2021; Pereira et al., 2023). As an alternative, ultrasound technology has gained attention as a non-thermal processing approach that operates through acoustic cavitation, in which the rapid formation and implosion of microbubbles generate localized high temperatures, pressures, and reactive hydroxyl radicals capable of inducing chemical modifications (Chemat et al., 2017). Ultrasonic treatment has been reported to delay honey crystallization, support color stability, and improve microbiological quality, while its influence on HMF formation appears to depend on honey type and processing parameters (Scripcă and Amariei, 2021). Furthermore, ultrasound has been reported to enhance physicochemical properties, antioxidant capacity, enzymatic stability, and microbial safety, highlighting its potential as a modern, sustainable processing technology (Rabbani et al., 2024). Its successful application in fruit juice processing, where microbial and enzymatic inactivation occurs without compromising sensory and nutritional quality, further supports the feasibility of ultrasound for honey processing (Chaikam et al., 2016).
In aqueous systems, the application of low-frequency ultrasound (20–100 kHz) induces acoustic cavitation, a process involving the formation, growth, and implosive collapse of microbubbles within the liquid phase (Chemat et al., 2017). Merouani et al. (2014) reported that acoustic cavitation bubble collapse can produce localized temperatures around 5200 ± 200 K and pressures of approximately 250 ± 20 MPa, which promote the formation of highly reactive free radicals. These extreme microenvironments facilitate the sonolysis of water molecules, leading to the formation of reactive radical species, primarily hydroxyl (•OH) and hydrogen (•H) radicals, which drive subsequent oxidation reactions (Zeng et al., 2024; Amangelsin et al., 2023).
Despite growing interest in ultrasonic processing, evidence regarding its effectiveness in reducing antibiotic residues in honey remains limited. This study examines how ultrasonic treatment at 40 kHz, applied for different exposure periods, influences the degradation of tetracycline and oxytetracycline residues in acacia honey. The effects on physicochemical quality are also evaluated. The results are intended to support the development of safe, high-quality, and competitive honey processing technologies for the global market.
2. MATERIALS AND METHODS 
2.1. Materials
Ultrasonic treatments were applied using a low-frequency processor operating at 40 kHz and 360 W. Supporting instruments included an Ohaus analytical balance, an open-air shaker, and a temperature-controlled refrigeration system. Analysis of tetracycline residues was conducted by HPLC with a Hitachi UV–Vis Detector L-2420 and a C18 column, followed by concentration of extracts using a rotary evaporator. Moisture content was determined using a refractometer, while ash content and water-insoluble solids were analyzed using a muffle furnace Carbolite, drying oven, hot plate, filter, Whatman Paper No 1, and desiccator. Acidity was measured using a calibrated pH meter and standard titration apparatus. Analyses of HMF, diastase enzyme activity, reducing sugars, and sucrose were conducted using a UV–Vis Spectrometer T80+ PG Instruments Limited, water bath, centrifuge, vortex mixer, and standard laboratory glassware.
The main material used in this study was monofloral acacia honey produced by Apis mellifera, sourced from the apiary of PT Kembang Joyo Beekeeping in Malang, Indonesia. Analytical standards of tetracycline and oxytetracycline were from Sigma aldrich. Chemical reagents included McIlvaine buffer (pH 4), oxalic acid, saturated EDTA solution, acetonitrile, methanol, ethyl acetate, Carrez I and II reagents, starch solution, iodine solution, sodium hydroxide, hydrochloric acid, potassium iodide, sulfuric acid, sodium thiosulfate, Luff–Schoorl solution, phenolphthalein indicator, acetate buffer, sodium chloride, and other supporting reagents. HPLC-grade solvents were used throughout the chromatographic analysis, and ultrapure Milli-Q water was used for the preparation of all aqueous solutions.
2.2. Honey Sample Preparation and Ultrasonic Treatment
Monofloral acacia honey produced by Apis mellifera was obtained from the bee farm of PT Kembang Joyo Beekeeping Malang. Honey samples (100 g) were weighed into 300 mL glass bottles using an analytical balance. Artificial contamination was introduced by adding 1 mL of tetracycline and oxytetracycline standards from 100 µg/mL stock solutions to obtain a final concentration of 1 µg/g. The contamination level of 1 µg/g was selected to simulate a high but experimentally relevant residue scenario. International regulatory limits for tetracyclines in honey vary considerably, with some countries applying minimum required performance limits (MRPLs) in the range of 0.02–0.1 mg/kg, while Codex Alimentarius permits levels up to 1.2 mg/kg depending on veterinary drug classification (Khosrokhavar et al., 2021; Wang et al., 2022). The honey was homogenized using an open-air shaker at 195 rpm for 30 minutes.
Ultrasonic treatment was applied to artificially contaminated honey samples at 40 kHz (360 W) for 10, 20, and 30 minutes, with three replications per treatment. Temperature was monitored and controlled during ultrasonic treatment to minimize thermal effects. The honey samples were then stored at a controlled cold temperature (10 ± 2°C) until further analysis. The following is the treatment in this study:
· P0: Honey + artificial contamination 1 μg/g tetracycline and 1 μg/g oxytracycline 
· P1: Honey + artificial contamination 1 μg/g tetracycline and 1 μg/g oxytracycline, and Ultrasonic 40 kHz 10 minutes
· P2: Honey + artificial contamination 1 μg/g tetracycline and 1 μg/g oxytracycline, and Ultrasonic 40 kHz 20 minutes
· P3: Honey + artificial contamination 1 μg/g tetracycline and 1 μg/g oxytracycline, and Ultrasonic 40 kHz 30 minutes

2.3. Tetracycline group residue analysis using HPLC
Confirmation analysis of tetracycline-class antibiotic residues was carried out both before treatment to verify the absence of tetracycline residues in the honey samples and after pasteurization, following a modified method based on Molino et al. (2011). Briefly, one gram of honey was mixed with 6 mL of McIlvain buffer (pH 4), homogenized using a vortex mixer for 15 minutes, and then centrifuged at 4000 rpm for 30 minutes. The supernatant obtained was filtered through Whatman No. 1 filter paper and subsequently purified using a C18 cartridge previously conditioned with 5 mL acetonitrile (p.a.), 5 mL oxalic acid (pH 3), and 3 mL saturated EDTA solution. After washing the cartridge with 10 mL of Milli-Q water, elution was performed using 12 mL of an ethyl acetate:methanol mixture (90:10, v/v). The eluate was evaporated to dryness under vacuum at 40 °C using a rotary evaporator. The resulting residue was reconstituted in 1 mL of mobile phase composed of 0.01 M oxalic acid and acetonitrile:methanol (3:5, v/v) and transferred into a 2 mL vial for analysis. Chromatographic separation was achieved by HPLC using a UV–Vis detector and a C18 column (250 × 4.1 mm, 5 µm). Detection was performed at 365 nm with a flow rate of 1 mL/min, a column temperature of 25 °C, and a total analysis time of 10 minutes. Under these conditions, oxytetracycline and tetracycline were identified at retention times of 5.68 and 6.44 minutes, respectively.
2.4. Moisture content
Following the procedure outlined in SNI 8664:2018, the moisture content of honey was evaluated using a refractometer set at 20 °C (or corrected to 20°C if measured at another temperature). The refractive index values were compared with standard tables to determine the honey's moisture content.
2.5. Ash content
Ash content was measured following the SNI 8664:2018 standard, with reference to SNI 2891:1992. Briefly, three grams of honey were weighed into a pre-weighed porcelain crucible using an Ohaus analytical balance. The sample was first dried on a water bath, then charred on a hot plate, and subsequently incinerated in a furnace at temperatures up to 550 °C until complete ashing occurred. After incineration, the crucible was allowed to cool in a desiccator and was reweighed repeatedly until a constant weight was achieved. Ash content, expressed as a percentage, was obtained using the following formula: Ash Content (%) = (W1 – W0) / W × 100%, where W= initial sample weight, W0= weight of empty crucible, and W1= weight of crucible with ash.
2.6. Water insoluble solids
Determination of water-insoluble solids followed SNI 8664:2018 (referring to SNI 2891:1992). Honey samples (20 g) were dissolved in hot water, filtered, dried at 105 °C to constant weight, and calculated as a percentage using the appropriate equation. Water-insoluble solids were calculated using the formula: water-insoluble solids (%) = (W1 – W2) / W × 100%, where W = weight of sample, W1= weight of filter paper with residue, and W2= weight of empty filter paper.
2.7. Acidity
Honey acidity was determined following the procedure outlined in SNI 8664:2018. Briefly, 10 g of honey was dissolved in 75 mL of CO₂-free water and homogenized using a magnetic stirrer. The initial pH of the solution was measured with a pH meter, after which titration was performed using 0.05 M NaOH until the pH reached 8.50. Subsequently, 10 mL of the NaOH solution was back-titrated with 0.05 M HCl to a pH of 8.30. A blank determination was carried out using 75 mL of CO₂-free water adjusted to pH 8.5 with NaOH. Total acidity was calculated as the sum of free acids and lactones, where free acidity was expressed as (mL NaOH − blank mL) × N NaOH × 1000/g sample, and lactone content was calculated as (10 − mL HCl) × N HCl × 1000/g sample.
2.8. Hydroxymethyl furfural 
Hydroxymethyl furfural (HMF) content was analyzed by UV–Vis HPLC in accordance with the AOAC Official Methods of Analysis (1990), with slight modifications based on the procedure described by Kukurova et al. (2005). Briefly, 10 g of honey was diluted with Milli-Q water to a final volume of 50 mL. After clarification using Carrez I and II reagents, the solution was filtered through a 0.45 µm nylon membrane and injected into the HPLC system. Chromatographic separation was achieved using a Nucleosil C18 reverse-phase column (250 × 4 mm, 5 µm). The analysis was conducted under isocratic conditions with a mobile phase consisting of deionized water and acetonitrile (90:10, v/v) at a flow rate of 1.0 mL/min and an injection volume of 20 µL. All solvents were of HPLC grade and degassed in an ultrasonic bath prior to use. Identification of HMF was based on comparison of retention time and UV spectra between honey samples and a reference standard (purity > 95.0%, Sigma–Aldrich). Quantification was performed using an external calibration curve, with detection at 280 nm. The total run time for each analysis was approximately 15 minutes.
2.9. Diastase Enzyme Activity 
Diastase activity was determined in accordance with SNI 8664:2018 using a starch degradation assay with photometric endpoint detection. Briefly, 5 g of honey was dissolved in distilled water and acetate buffer, diluted with a sodium chloride solution in a 25 mL volumetric flask, and mixed with a starch solution prior to absorbance measurement. The reaction mixture was incubated in a water bath at 40 °C for 15 minutes. Aliquots were withdrawn at 5-minute intervals, reacted with iodine solution, and their absorbance was measured at 660 nm until the value decreased below 0.235. Diastase activity was quantified as the diastase number (DN), calculated by dividing 300 by the time (minutes) required to reach the absorbance threshold.
2.10. Reducing Sugar (Glucose)
The Luff–Schoorl method was applied to determine reducing sugar content following SNI 8664:2018 and referring to SNI 2891:1992. Briefly, 2 g of honey was accurately weighed and dissolved in water, followed by treatment with half-basic lead acetate and (NH₄)₂HPO₄ to remove interfering compounds through precipitation. The mixture was then filtered, and 10 mL of the clear filtrate was transferred into an Erlenmeyer flask. After dilution with distilled water, the solution was mixed with Luff reagent and boiling stones and heated for 10 minutes. The reaction mixture was subsequently cooled in an ice bath, after which 20% KI and 25% H₂SO₄ were added. Titration was carried out using 0.1 N sodium thiosulfate, with 0.5% starch solution serving as the indicator. The titration value of the sample was compared with the blank, and reducing sugar content was calculated using the formula: % Reducing sugar (before inversion) = (W1 × fp × 100%) / W, where W1 = mass of glucose corresponding to the volume of thiosulfate used, fp= dilution factor, and W= sample weight.
2.11. Sucrose
Determination of sucrose content followed the Luff–Schoorl method as outlined in SNI 2891:1992 and adopted in SNI 8664:2018. Fifty milliliters of filtrate from the reducing sugar test were pipetted, mixed with 25 mL of 25% HCl, and hydrolyzed at 58–70°C for 10 minutes. Following hydrolysis, the solution was cooled, adjusted to neutrality with 30% NaOH using phenolphthalein as the endpoint indicator, and diluted to 100 ml. Ten milliliters of the solution were pipetted into an Erlenmeyer flask, followed by dilution with distilled water and addition of Luff solution and boiling stones. The mixture was boiled for 3 minutes, held for 10 minutes, cooled in ice, and treated with 20% KI and 25% H₂SO₄. Titration was performed using 0.1 N sodium thiosulfate with 0.5% starch solution as an indicator. The difference in sugar content before and after inversion was multiplied by a correction factor of 0.95 to determine sucrose content, calculated as: % Sucrose 0.95 x (%sugar after inversion - %sugar before inversion).
2.12. Statistical Analysis
Statistical analysis of the data, generated from a Completely Randomized Design with three ultrasonic time treatments and three replications, was performed using Analysis of Variance (ANOVA). Treatment means were compared using Duncan’s Multiple Range Test when significance was observed at P < .05.
3. RESULTS AND DISCUSSION
3.1. Tetracycline and Oxytetracycline Residues
Chromatogram results in Figure 1 indicate retention times of 5.670 minutes for oxytetracycline and 6.437 minutes for tetracycline. The data in Table 1 demonstrate that ultrasonic treatment at 40 kHz significantly reduces tetracycline (P < .01) and oxytetracycline residues ( .01 < P < .05) in acacia honey. Buzia et al. (2019) reported that tetracycline residues in honey can be reduced through both physical and chemical treatments. The observed reduction in tetracycline group residues is attributed to acoustic cavitation, which generates microbubbles and hydroxyl radicals (•OH) that degrade the antibiotic's chemical structure. Pereira et al. (2023) noted that ultrasonic waves propagating through a liquid medium interact with solvent molecules, leading to acoustic cavitation. At low frequencies (16–100 kHz), this process produces fewer but larger bubbles, leading to stronger collapses and more energetic shock waves. Zeng et al. (2024) found that dual-frequency ultrasound (20 kHz + 500 kHz) generates acoustic cavitation that breaks microbubbles, producing extremely high temperatures (>5000 K) and pressures, which in turn form hydroxyl radicals (•OH) from water breakdown, oxidizing and partially degrading tetracycline molecules. Overall, these findings indicate that low-frequency ultrasonic treatment (40 kHz) effectively reduces tetracycline and oxytetracycline residues in acacia honey via acoustic cavitation, which generates microbubbles and hydroxyl radicals that degrade tetracycline.
[image: ]
Figure 1. Oxytracycline and Tetracycline Chromatogram at 2 μg/g concentration in HPLC


Table 1. Results of tetracycline and oxytracycline residue analysis using HPLC
	Treatment
	Tetracycline
	%
	Oxytetracycline
	%

	
	(µg/g) **
	
	(µg/g) *
	

	P0 (Control without ultrasonic)
	0.8633 + 0.0639a
	100.00
	0.7543 + 0.0885a
	100.00

	P1 (Ultrasonic 40 kHz, 10 min)
	0.5900 + 0.1054b
	68.34
	0.5357 + 0.1524b
	71.02

	P2 (Ultrasonic 40 kHz, 20 min)
	0.6100 + 0.0708b
	70.66
	0.5003 + 0.0457b
	66.33

	P3 (Ultrasonic 40 kHz, 30 min)
	0.6147 + 0.0265b
	71.20
	0.5313 + 0.0575b
	70.44


Note: **: Different superscripts in the same column show highly significant differences (P< .01)
*: Different superscripts in the same column show significant differences ( .01 < P < .05)
Table 1 shows that the highest reduction in tetracycline residue was achieved after 10 minutes of ultrasonic treatment at 40 kHz (0.5900 ± 0.1054 μg/g), whereas the lowest oxytetracycline concentration was observed at 20 minutes (0.5003 ± 0.0457 μg/g). However, no statistically significant differences were detected among treatments from 10 to 30 minutes, indicating that most degradation occurred during the early stage of sonication. This behavior suggests a rapid initial reaction phase consistent with pseudo-first-order kinetics, in which the concentration of reactive hydroxyl radicals and accessible antibiotic molecules is greatest at the beginning of treatment. Similar rapid initial degradation followed by a plateau phase has been reported in ultrasound-assisted antibiotic removal systems (Zeng et al., 2024). The limited additional reduction during prolonged exposure may be associated with radical recombination reactions, decreased collision probability as residue concentration declines, and the formation of more stable intermediate degradation products (Amangelsin et al., 2023). These findings align with Heydarian et al. (2023), who demonstrated that 40 kHz sonication for 10 minutes effectively reduced multiple antibiotic residues in broiler meat, suggesting that extended treatment does not necessarily improve removal efficiency proportionally. Although ultrasonic treatment significantly reduced tetracycline-group residues in acacia honey, complete elimination was not achieved. Therefore, ultrasound should be regarded as a complementary post-harvest mitigation strategy rather than a substitute for prudent antibiotic management practices at the beekeeping level.
3.2. Moisture content
No significant difference in moisture content was observed following ultrasonic treatment (P > .05), as shown in Table 2, with the lowest value occurring at 30 minutes of exposure (20.80 ± 0.26%). The longer the ultrasonic treatment is carried out, the lower the honey's moisture content becomes, thereby increasing its microbiological stability. Rabbani et al. (2024) reported that ultrasonic waves at 30 and 42 kHz, at 20°C (for 5 and 10 minutes) or 45°C (for 10 minutes), can effectively reduce the moisture content of honey. Although ultrasound can induce localized heating, the moisture content did not significantly decrease across treatments, indicating that substantial water evaporation did not occur. According to Scripcă and Amariei (2021), the slight reduction in moisture content observed during ultrasonic treatment is associated with the mechanical action of collapsing microbubbles, which enhances mass transfer. As these microbubbles disappear, honey occupies the vacated spaces, generating shear forces that contribute to this effect.
Table 2 also shows that the moisture content before and after ultrasonic 40 kHz for a duration of 30 minutes ranges from 20.80% to 21.08% so that it is still in accordance with SNI 8664:2018 concerning honey quality, which sets a maximum honey moisture content of 22% for honey from cultivated bees and forest bees (BSN, 2018). Jiang et al. (2021) reported that ultrasonic processing does not change the Newtonian behavior of honey; however, the thermal effects generated during sonication can contribute to a reduction in moisture content. Moisture level is a critical quality parameter in honey, as it is closely associated with microbiological stability and the risk of fermentation. Consequently, managing moisture content through ultrasonic treatment plays an important role in maintaining the quality and safety of honey products.
Table 2. Results of testing water content, ash content and water-insoluble solids
	Treatment
	Moisture content
	Ash content
	Water-insoluble solids

	
	(%)
	(%)
	(%) *

	P0 (Control without ultrasonic)
	21.0833 + 0.1443
	0.9194 + 0.0015
	0.1093 + 0.0133a

	P1 (Ultrasonic 40 kHz, 10 min)
	20.9667 + 0.0577
	0.9134 + 0.0088
	0.0741 + 0.0034b

	P2 (Ultrasonic 40 kHz, 20 min)
	20.9167 + 0.1443
	0.9171 + 0.0049
	0.0743 + 0.0054b

	P3 (Ultrasonic 40 kHz, 30 min)
	20.8000 + 0.2646
	0.9157 + 0.0028
	0.0795 + 0.0244b


Note: *: 	Different superscripts in the same column show significant differences ( .01 < P < .05)
3.3. Ash content
Ash content is one of the parameters used to measure the mineral content or inorganic residues in honey. The results in Table 2 show that ultrasonic treatment at 40 kHz for 30 minutes had no noticeable effect (P > .05) on ash content in Acacia honey. The stability of mineral content during ultrasonic treatment indicates that honey minerals are mainly governed by botanical and environmental influences rather than processing conditions. Rani et al. (2024) reported that the mineral content in honey is relatively stable to heat treatment and storage, and is more influenced by botanical origin and environmental conditions. The ash content in the study ranged from 0.9134% to 0.9194%, with an average of 0.9164%, which is above the SNI 8664:2018 limit of 0.50% for honey (BSN, 2018). Although the ash content exceeded the national standard limit, it is important to note that mineral composition in honey is strongly influenced by botanical and geographical origin. Acacia honey from certain regions may naturally exhibit higher mineral content without indicating contamination or quality deterioration. Therefore, the elevated ash values observed in this study are more likely related to environmental and floral factors rather than processing effects. Santos-Buelga and González-Paramás (2025) reported that the composition of honey, including minerals and other bioactive compounds, is influenced by both botanical origin and geographical conditions.
3.4. Water-insoluble solids
The level of water-insoluble solids is an important factor influencing honey quality and stability. These solids mainly consist of bee pollen, fragments of honeycomb, dirt particles, and occasionally bee-derived materials (Ameliya et al., 2023). Table 2 shows that 40 kHz ultrasonic treatment for 10 minutes significantly reduces the content of water-insoluble solids ( .01 < P < .05) to 0.0741 ± 0.0034%, still within the limit of 0.50% specified by SNI 8664:2018. A longer treatment duration (20–30 minutes) does not yield a significant difference (same notation), so 10 minutes is optimal. The findings of this study suggest that ultrasonic treatment at 40 kHz is effective in improving and preserving honey clarity. This effect is attributed to acoustic cavitation, a process in which microbubbles form and collapse, generating mechanical energy and reactive hydroxyl radicals (•OH). The process can break down solid particles, homogenize the suspension, and improve the clarity of the honey. Scripcă and Amariei (2021) report that ultrasound reduces moisture content by rupturing microbubbles (acoustic cavitation), thereby improving the clarity and stability of honey without damaging its bioactive components.

3.5. Hydroxymethyl furfural (HMF)
No significant change in HMF content, a marker of sugar degradation and thermal exposure, was observed following 40 kHz ultrasonic treatment of acacia honey (P > .05), as shown in Table 3. The test results showed that the HMF content ranged from 0.48 + 0.13 mg/kg to 0.54 + 0.01 mg/kg, indicating a very low HMF level and remaining relatively safe, with no significant thermal damage. Ramly et al. (2021) reported that freshly harvested honey has an HMF value of almost zero and increases with processing and storage time, making it one of the parameters for determining honey freshness and quality. Table 3 shows that the HMF values across all treatments remain within the SNI 8664:2018 limit of 40 mg/kg. HMF values tend to rise in 40 kHz ultrasonic treatment starting at the 20th minute. The use of ultrasound as a processing technology in honey is an alternative to heating-based processing, thereby suppressing the formation of HMF. Pereira et al. (2023) report that the ultrasonic process offers the advantages of decrystallization, decreased water activity, yeast inactivation at lower temperatures than conventional thermal treatment, and reduced HMF formation.
Table 3. HMF, diastase enzyme, and acidity analysis results
	Treatment
	HMF
	Diastase enzyme
	Acidity 

	
	(mg/kg)
	(DN)**
	(mL NaOH/kg)

	P0 (Control without ultrasonic)
	0.51 + 0.16
	47.00 + 1.74b
	54.47 + 0.37

	P1 (Ultrasonic 40 kHz, 10 min)
	0.48 + 0.13
	28.02 + 0.69c
	55.26 + 0.51

	P2 (Ultrasonic 40 kHz, 20 min)
	0.54 + 0.01
	56.47 + 3.58a
	55.92 + 1.54

	P3 (Ultrasonic 40 kHz, 30 min)
	0.54 + 0.01
	62.91 + 5.41a
	55.99 + 0.87


Note: **: Different superscripts in the same column show highly significant differences (P<.01)
3.6. Diastase enzyme
The enzyme diastase is naturally present in honey and is an indicator of honey freshness. Determination of diastase enzyme activity is important for indicating the presence of overheating, poor processing, or poor storage conditions. The test results in table 3 show that the activity of the diastase enzyme after ultrasonic treatment until the 30th minute is between 28.02 + 0.69 DN to 62.91 + 5.41 DN, a value that is still in accordance with SNI 8664:2018 which is a minimum of 3 DN for cultivated bee honey (BSN, 2018) which indicates that 40 kHz ultrasound can maintain the activity of the diastase enzyme in honey. Ultrasonic treatment allows processing at lower temperatures than conventional thermal processing, thereby preserving the enzyme's protein structure. Pereira et al. (2023) reported that the decrease in enzyme activity during ultrasonic processing of honey was lower than that during thermal processing. Table 3 also shows that 40 kHz ultrasonic treatment has a pronounced effect (P < .01) on diastase enzyme activity in honey. The activity of the diastase enzyme decreased in the initial 10 minutes of treatment but subsequently increased at the 20th and 30th minutes, namely by 56.47 ± 3.58 DN and 62.91 ± 5.41 DN, respectively. The increase in enzyme activity occurs through the homogenization of honey via acoustic cavitation, which breaks down microbubbles and accelerates mass transfer, allowing previously unevenly dispersed enzymes to become more homogeneous and resulting in higher measurable activity. Scripcă and Amariei (2021) report that ultrasound can decrease enzyme activity through cavitation, but it can also modify protein structure, making some enzymes remain active or even more accessible. 
Although ultrasound may generate localized heating, the minimal increase in HMF and the preservation of diastase activity suggest that the process operated predominantly under non-thermal conditions. HMF formation in honey is widely recognized as a temperature-dependent indicator of heat exposure and storage deterioration, with significant increases typically associated with prolonged thermal processing (Jiang et al., 2021; Scripcă et al., 2021). Likewise, diastase activity is highly sensitive to elevated temperatures, and substantial enzyme inactivation is commonly reported under conventional heat treatments (Rabbani et al., 2024). The stability of these parameters following ultrasonic treatment suggests that bulk temperature rise was insufficient to induce classical thermal degradation effects.
3.7. Acidity
One of the physicochemical properties that indicates honey quality is acidity. Table 3 shows that 40 kHz ultrasound for up to 30 minutes had no noticeable effect (P > .05) on the acidity value of honey. The test results showed that the longer the ultrasound duration, the acidity value increased insignificantly (slowly), with the highest acidity at 40kHz ultrasonic treatment for 30 minutes, which was 55.99 ± 0.87 mL NaOH/kg. The slight changes in acidity are unlikely to result from concentration effects due to moisture loss, but rather from minor chemical modifications induced by sonochemical reactions. No progressive increase in acidity was observed during storage, suggesting that fermentation was unlikely to have occurred. Scripcă and Amariei (2021) report that ultrasonic processes can prevent oxidation and enzymatic reactions, thus helping to maintain the acidity stability of honey by inhibiting the growth of microorganisms that contribute to increased acidity. The acidity of honey in Table 3 is between 54.47 + 0.37 to 55.99 + 0.87 mL NaOH/kg, which exceeds SNI 8664:2018, which sets the acidity value in cultivated honey at a maximum of 50 mL NaOH/kg (BSN, 2018). Although the acidity values slightly exceeded the national reference limit, no signs of fermentation such as excessive HMF formation or abnormal sensory characteristics were observed. Variations in acidity may reflect natural organic acid composition influenced by botanical origin rather than quality deterioration. Vijan et al. (2023) report that highly acidic honey is produced by sugar fermentation, and this condition simultaneously determines the honey's distinctive taste and makes it more microbiologically stable (less prone to damage or contamination). Hungerford et al. (2023) report that honey has an organic acid profile that varies by species and habitat, with gluconic acid as the main component; differences in the content of these acids contribute to the distinctive taste of honey. Szczęsna et al. (2025) report that organic acids play an important role in the taste and benefits of honey, and can be used as an authentication marker of honey varieties. Higher acidity can increase honey's inhibition of microorganism growth, potentially extending shelf life, but too high acidity can also affect sensory characteristics, especially taste, which becomes more acidic and less preferred by consumers.
3.8. Reducing sugars and sucrose
Honey is a natural sweetener composed mainly of D-fructose and D-glucose, with sucrose, maltose, and higher sugars comprising nearly 80% of its solid mass (Pavlova et al., 2018). The results of the reducing sugar test in Table 4 ranged from 55.07% to 57.87%, indicating that all honey samples remained within the Indonesian National Standard, which limits cultivated and forest honey to a maximum of 65% (BSN, 2018). Table 4 also shows that 40 kHz ultrasonics has no noticeable effect (P > .05) on the content of reducing sugars (glucose) and sucrose sugars. Similar observations were reported by Rabbani et al. (2024), indicating that ultrasonic treatment does not significantly alter glucose, fructose, the fructose-to-glucose ratio, sucrose, or total sugar content in honey. Reducing sugars in honey, particularly glucose and fructose, together with sucrose content, are commonly used as quality indicators. These parameters are primarily influenced by floral origin and environmental conditions rather than processing factors. Vijan et al. (2023) reported that variations in honey sugar composition are largely determined by the floral source, botanical characteristics, and climatic conditions.

Table 4. Results of the reducing sugar (glucose) and sucrose analysis
	Treatment
	Reducing Sugar
	Sucrose

	
	(%)
	(%)

	P0 (Control without ultrasonic)
	57.87 + 1.15
	5.44 + 2.16

	P1 (Ultrasonic 40 kHz, 10 min)
	55.07 + 2.12
	8.06 + 1.52

	P2 (Ultrasonic 40 kHz, 20 min)
	56.55 + 1.65
	8.11 + 1.02

	P3 (Ultrasonic 40 kHz, 30 min)
	56.31 + 1.62
	4.71 + 1.88


The reducing sugar content shows a decreasing pattern, then an increase, and then a decrease again. This is likely due to mechanical effects and ultrasonic cavitation, which can break down complex saccharide molecules into simpler forms. Likewise, the sucrose content increased until the 20th minute (8.11 + 1.02%) and then decreased at the 30th minute (4.71 + 1.88%). Jiang et al. (2021) report that ultrasound causes fluctuations in saccharide content during ultrasonic treatment, including fructose, which increases and decreases. Changes in the principal sugars of honey (fructose, glucose, sucrose, and maltose) depend on the applied ultrasonic power, where higher power results in more pronounced effects. Song et al. (2025) reported that the sucrose content increased due to inactivated invertase enzymes, so that the conversion of sucrose to glucose/fructose tended to decrease. The mechanical effects and cavitation induced by ultrasound are highly dependent on process parameters and the presence of active invertase enzymes (Janghu, 2017), so that in honey whose enzymes have been inactivated, changes in reducing sugar levels tend to be minimal.
4. Conclusion
Ultrasonic treatment at 40 kHz significantly reduced tetracycline and oxytetracycline residues in acacia honey, with optimal performance observed after short processing durations (10 minutes). Most physicochemical parameters, including moisture content, reducing sugars, sucrose, and HMF, remained within regulatory limits. Although ash and acidity values slightly exceeded national reference standards, these variations were more likely associated with botanical origin rather than processing effects. The reduction of water-insoluble solids following brief sonication improved honey clarity, while diastase activity and acidity showed only minor variations, indicating minimal biochemical disruption. These results demonstrate that low-frequency ultrasound is a suitable non-thermal and environmentally friendly processing technology capable of enhancing honey safety by reducing antibiotic residues without compromising its physicochemical or enzymatic characteristics. Nevertheless, effective residue management at the beekeeping stage is still required to ensure comprehensive food safety assurance.
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